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Negative Skin Friction in Piles and Design Decisions 
M. T. Davisson 
Consulting Engineer, Savoy, Illinois 
SYNOPSIS Negative skin friction behavior of pile foundations is described for conditions of pile usage 
in the USA. Methods of determining downdrag load and pile resistance to downdrag are explained. Other 
Eactors entering into design are discussed such as pile load testing and analysis, pile structural 
strength, factors of safety, pile drivability, and reduction of downdrag loads. Observations from seven 
~npublished negative skin friction failures are used for illustration. 
INTRODUCTION 
~egative skin friction (NSF) loads on pile 
foundations (also called downdrag) have been 
t"ecorded by engineers for at least the past 70 
y-ears (Chellis, 1961). Foundation engineering 
t'eference works have described both the 
phenomenon and the forces to be resisted in 
design for at least the past 45 years (Terzaghi 
and Peck, 1948). Nevertheless, failures of pile 
foundations caused by negative skin friction 
continue to occur. 
Of the pile foundations that have failed because 
of NSF, the older case histories generally have 
causes related to the engineers' ignorance of the 
physical phenomenon and/or a lack of knowledge of 
the soil profile and pertinent physical 
properties of the soil. The writer has been 
called upon personally to investigate seven NSF 
failures over the past 33 years, none of which 
have been published, and is aware of many other 
failures from both the literature and personal 
communications. A striking feature of the more 
recent case histories of failure is the 
involvement of engineers trained in geotechnical 
engineering. Thus, NSF failures are occurring at 
the hands of engineers who are supposed to know 
how to prevent them. 
The foregoing experience is reason enough to 
revisit the subject of negative skin friction. 
Although the elements of the phenomenon are 
considered well known in the profession, perhaps 
a different method of expression will prove 
helpful in the future to those dealing with pile 
design. The design process has been chosen as 
the organizing framework for the discussion given 
herein. Further, it is assumed that an adequate 
soil boring program is carried out, that the 
borings are sufficiently longer than the piles, 
and that enough is known about the strength and 
stiffnesss of the soil materials. 
Design of a pile foundation typically (but not 
necessarily) involves both a geotechnical and a 
structural engineer. An overlap may exist in the 
areas of competence of the two engineers, or 
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their competence together may barely cover the 
required subject matter. Clearly, a danger 
exists that an important subject may fall into a 
gap between the two engineers, and can become the 
cause of a failure. The writer is aware of 
several such instances. 
The design of piling generally involves both 
structural and geotechnical concepts. :rn the 
following discussion reference is made to many 
subjects, including soil profile analysis, pile 
structural strength, pile drivability, analysis 
of pile load tests, pile group behavior, load 
transfer analysis, factors of safety for both 
structural and geotechnical matters, and 
techniques of resisting NSF. These concepts are 
brought to bear on design issues for piles 
subjected to negative skin friction. 
NEGATIVE SKIN FRICTION CONCEPTS 
Piles typically are used where a relatively weak 
compressible soil layer exists near the ground 
surface. Piles are then driven through the weak 
layer and founded on or in a relatively strong 
incompressible layer. The purpose of driving the 
piles is to control settlement of the supported 
structure by transferring the structural load to 
the relatively strong incompressible stratum 
(strata). This simple function represents by far 
the largest use of piling in the USA. Simple 
soil profiles will serve to introduce both the 
concepts and the notation used herein. Normal 
pile service conditions where negative skin 
friction is not operative are shown in Figure 1a 
wherein the pile is subjected to structural 
loading, Rs, consisting of dead (D) plus live (L) 
loads. The weak compressible soil layer (layer 
1) is not settling, and soil reactions on the 
pile consist of upward friction from both soil 
layers plus tip resistance in layer 2. A static 
compression load test to failure of the pile 
(slippage of the pile relative to the soil, 
Figure lb) results in a total failure load, Ruv 
with the soil reactions acting in the same 
direction as for the service condition, but at 
ultimate soil resistance values. 
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(a) Service- Normal (b) Test at Ultimate Load 
Fig. 1 Normal Conditions Without Downdrag 
For the service loading case where soil downdrag 
is operative (Figure 2a) layer 1 subsides 
relative to the pile. Because of the downward 
soil movement the friction load on the pile is in 
the downward direction, or negative to that in 
Figure 1a where the soil was not moving. 
Therefore, layer 1 is acting as a load on the 
pile. The total load in the pile at the junction 
of layers 1 and 2 is ~ + NSF, where NSF is the 
downdrag load. The soil reactions resisting the 
load in the pile consist of the point resistance 
and the skin friction, both from layer 2 only. 
R8 + NSF 
r 
(a) Service- Downdrag 
l~NSF layer 1 
layer 2 
(b) Tension Test- NSF 
Fig. 2 Pile-Soil Conditions With Downdrag 
The magnitude of the downward movement of the 
soil relative to the pile required to produce 
negative skin friction is quite small. Movements 
on the order of 0.1 inch will suffice. If a 
condition exists where soil shear on the side of 
the pile reverses (changes from positive to 
negative friction) the required movement may be 
on the order of 0.2 inches. Obviously, with such 
small required movements, many situations exist 
where negative skin friction is present. Whether 
or not it is significant depends on a variety of 
matters that should become clear subsequently. 
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The NSF load from layer 1 can be determined 
directly by a static tension test to failure 
(slippage of the pile relative to the soil) far a 
pile extending only to the depth of layer 1, as 
shown in Figure 2b. Note, however, that a 
compression load test to failure for a full 
length pile (as in Figure 2a) would behave just 
as for the normal case (Figure 1b) and would 
exhibit the same ultimate load Rut· This occurs 
because under a pile compression test the pile is 
forced downwards relative to the soil during the 
short term conditions of the test resulting in 
positive friction, despite the lang term tendency 
for downdrag under service conditions. 
It should be appreciated that the NSF load 
determined by the tension load test represents 
the upper limit to negative skin friction. Piles 
occurring in groups may not be subjected to as 
high a load. Further, the downward movement of 
the soil relative to the pile, and hence downdrag 
loading, may not extend to the full depth of 
layer 1, and a lower magnitude of downdrag would 
result than would be the case if the full depth 
of layer 1 were involved. These possibilities 
are discussed subsequently. 
The primary pile design criterion in the USA is 
generally the ultimate load capacity that 
provides an adequate factor of safety with 
respect to the applied loads. Estimates of pile 
settlement are not usually performed except for 
friction pile foundations. Pile installation is 
administered through plans, specifications and 
field control to achieve a prescribed ultimate 
load capacity. In some instances elevations are 
specified to which the piles must penetrate as a 
minimum to ensure that piles are founded in the 
desired bearing layer; nevertheless, verification 
is based on a pile load test that reveals load 
capacity. Therefore, a discussion of the methods 
of dealing with load capacity and factors of 
safety is warranted. 
FACTOR OF SAFETY IN PILE FOUNDATIONS 
The factors of safety for piles under both normal 
usage without downdrag, Figure la, and for 
conditions involving downdrag, Figure 2a, will be 
defined where piles are installed on or in a 
relatively strong incompressible soil layer. The 
definition used herein for pile factor of safety 
with respect to a soil bearing capacity failure 
is the ratio of resisting forces to driving 
forces. 
In normal pile design practice a factor of safety 
of tw·o is utilized when pile load tests are the 
means of controlling pile load capacity. Us~ng 
Figure 1 and the terms defined above for normal 
conditions without downdrag, this can be 
expressed as: 
2 (D + L) :S Rut (Geot) (1) 
This simply says that the pile ultimate load as 
determined by test must equal or exceed twice the 
applied working (service) loads. The expression 
covers the geotechnical (Geot) requirements 
consisting of pile failure (slippage) relative to 
the soil, not the structural (Str) requirements 
of the pile. 
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The foregoing expression can be modified 
account for downdrag conditions (Figure 2). 





2(D+L+NSF) ~Rut-NSF (Geot) or, (2) 
2 (D + L) + 3NSF ~ Rut (Geot) (3) 
Note that the left side of Equation 2 represents 
loads, whereas the right side is the pile 
resistance. From Figure 2a it can be seen that 
only layer 2 provides upward soil reactions to 
the pile loads; the magnitude of the upward 
reactions is equal to Rut from the compression 
test (Figure 1b), less the friction from layer 1 
which is equal to the downdrag, NSF, from the 
tension test (Figure 2b). Thus, if NSF is 
treated similarly to normal loads, it appears in 
the design expression with a coefficient of 3 
(Equation 3). This occurs because of the 
reversal in direction of soil friction in layer 1 
for the compression load test compared to the 
service condition. The foregoing expressions 
should help engineers understand the magnitude of 
loads that must be resisted, and where that 
resistance is located, namely, the bearing layer 
(layer 2 of Figure 2a). 
Experience with typical soil profiles shows that 
NSF loads can easily be equivalent in magnitude 
to normal dead plus live loads. This doubles the 
required load carrying capacity and leads to the 
purchase of twice the load carrying capacity in 
the pile foundation than would be the case 
without downdrag. However, this does not mean 
that costs are doubled. Engineers often try to 
mitigate this cost increase by cutting the factor 
of safety in their analyses; this subject bears 
examination. 
In the preceding normal analysis of pile 
foundations a factor of safety of two is implied. 
In reality, neither the loads nor the pile 
resistances are known, and are subject to natural 
variations that would be treated statistically if 
sufficient data existed. In an effort to be more 
insightful, and to be consistent with 
superstructure design, load and resistance factor 
design (LRFD) techniques are used herein to 
examine the issue. In such systems, a single 
overall factor of safety is not used. Instead, 
safety is provided by multiplying the working 
loads (service loads) by load factors (greater 
than 1), and ultimate structural resistances by 
strength reduction factors (~-factors, less than 
1) for purposes of design. 
TWo systems of LRFD are currently in use in the 
USA, namely those put forth by ACI (American 
Concrete Institute) and AISC (American Institute 
of Steel Construction). The load factors in use 
by AISC ( 1. 2D + 1. 6L) are generally consistent 
with ASCE (American society of Civil Engineers, 
Standard 7-88) standards, but these are 
undergoing heavy criticism, especially the load 
factor for dead load. on the other hand, the ACI 
load factors (1.4D + 1.7L) are generally accepted 
by designers, and have a 30 year history of 
usage. Because the uncertainties in concrete 
design are more analogous to soil/pile problems 
than those of steel design, the writer prefers to 
follow the general procedures of ACI. This has 
merit also because piles are almost always 
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embedded in a concrete pile cap designed by ACI 
rules (ACI 318), and the interface with pile 
design is thereby facilitated. 
Application of the LRFD concept to piles leads to 
two expressions (Davisson, 1989), one that 
relates to the pile structurally (Str), and the 
other to the geotechnical pile/soil capacity 
(Geot) . The structural expression for normal 
conditions without downdrag is: 
1.40 + 1.7L ~ ¢Pn (Str) (4) 
The 1.4 and 1.7 coefficients are load factors for 
dead and live loads, respectively, ¢ is a 
strength reduction factor, and Pn is the nominal 
ultimate calculated load (ACI uses the term 
strength) for the pile column with a stated 
minimum design eccentricity of load. As used in 
design, the factored loads must be less than or 
equal to the nominal ultimate strength of the 
structural member reduced by a ~-factor to 
account for possible understrength relative to 
nominal values. Comparison with the factor of 
safety concept is not precise, but can be 
approximated. If it is assumed that dead load 
equals live load, the load factors can be 
averaged resulting in a value of 1.55. The ratio 
of resisting strength to applied service loads by 
simple algebra becomes equal to 1.55/¢. Strength 
reduction factors (~) are given below for steel 












Timber See FHWA Report 
(Davisson, et al, 1983) 
The best analogy is the factor of safety in 
reinforced concrete columns which becomes 
1.55/0.7, or 2.21. A correction should be made 
for the effect of the minimum design eccentricity 
incorporated into column design to produce a 
number directly comparable to piling design 
practice; when this correction is made the result 
is a value of 2.54. Thus, the factor of safety 
of 2 used in pile foundations is significantly 
less than structural engineers would use under 
more favorable conditions in the superstructure. 
Geotechnical engineers have been more bold in 
their practice than structural engineers. Hence, 
lower geotechnical factors of safety for piling 
as proposed by some engineers are not warranted 
because they would increase an already illogical 
imbalance in design of superstructure and 
substructure. 
From the geotechnical standpoint, the following 
equation can be written: 
(Geot) (5) 
Rut is the load at failure in a static compression 
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pile load test, and ~g is the geotechnical 
strength reduction factor applicable to 
compression pile load tests. The writer has had 
one occasion to evaluate ¢8, and factors varying 
from 0.7 to 0.8 were determined. The particular 
project where the evaluation took place involved 
an unusually large number of tests, and 
predictable soil stratification. It is difficult 
for the writer to imagine generally using a 
higher value than 0.8; for most projects a value 
0.7 or lower would probably be experienced. 
If Equation 5 is examined for the geotechnical 
global factor of safety as was explored above for 
equation 4, the following results are tabulated: 
Load ~g 
Condition 
0.7 0.75 0.8 
Dead 2.00 1.87 1. 75 
Live 2.43 2.27 2.13 
Dead=Live 2.21 2.07 1.94 
Thus, the factor of safety of 2 used in normal 
pile foundation practice appears to correlate 
with the most favorable (least variable) soil 
conditions when examined by LRFD techniques. The 
writer offers Equation 5 with the caveat that a 
~g-value higher than 0. 8 should not used. Further 
insight can be obtained by examining LRFD 
techniques with downdrag included. 
DOWNDRAG AND LRFO 
Negative skin friction can be accommodated in 
LRFD design techniques for both structural and 
geotechnical conditions. The structural equation 
is: 
1.40 + 1.7L +1.4NSF ~ ~pn (Str) (6) 
Note that NSF has been assigned a load factor of 
1. 4 when determined. from tension load tests, 
which the writer recognizes as the lowest factor 
that can be applied in uniform soil strata(same 
as dead load). ACI 318, however, treats earth 
loads with a factor of 1.7; therefore, others can 
argue for a higher factor. It would be 
appropriate to use a higher load factor if NSF is 
determined by calculation or other indirect 
means, or if the soil stratification is 
nonuniform. 
The companion geotechnical equation is: 
1.40 + 1.7L + 1.4NSF ~ 
¢8Rut - (1+a)NSF (Geot) (7) 
The new item in Equation 7 is a, which accounts 
for the variation in NSF, and is used to obtain 
an upper bound on NSF; it is likely to have a 
value of o. 2 at the lowest.. The expression 
requires the factored loads (left side) to be 
less than the ultimate pile load reduced by the 
NSF (right side) • 
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It is recognized that ¢$ could have been 
multiplied by the quant~ty <Rut-NSF), thus 
eliminating the factor a. However, if these 
factors are ever evaluated based on statistics 
and case histories with load tests, it is likely 
that the data will be accumulated separately 
because of the nature of the test data 
(compression tests for ¢g, and tension tests for 
a) and separate treatment could be readily 
accomplished. A question can be raised as to why 
NSF is multiplied by a on the right side of the 
Equation 7, whereas a factor of 1.4 is used on 
the left side. It should be recognized that a 
accounts for only variation, whereas the load 
factor, 1.4, accounts not only for variation but 
also other items in the LRFD philosophy of 
design. 
The foregoing expressions based on load test data 
are offered to engineers as thinking tools that 
may help them make design decisions. If used, it 
is recommended that a check be made of the final 
design decisions based on the conventional factor 
of safety as defined herein (Equation 3). 
Further extension of the equations can be made to 
replace the ultimate test load, Rutt with a 
calculated load, Rue' representing the engineer's 
opinion according to his favorite method of 
analysis. Logic then dictates that a lower 
number be applied to the factor ~g to account for 
inaccuracy in the engineer's calculation method. 
similarly, NSF can be calculated, and the factor 
a increased to account for inaccuracy in the 
engineer's method of calculation. Indirect 
methods such as dynamic testing may also be used 
to generate data, but should be given lower ¢g and 
higher a factors than for data from static load 
tests. 
If the LRFO equations presented herein are 
utilized for a site with variable thickness of 
subsiding stratum, it is possible that the site 
may be divided into zones in a pattern defined by 
the engineer. Each zone may then be analyzed 
according to the particulars of each zone. 
Finally, the engineer can make a judgement to use 
one value of Rutt or several different Rut-values 
if the choice is made to construct the project 
according to different zones on the job site. 
Designers utilizing the techniques given above 
should be cognizant of the need for communicating 
the resulting requirements in the plans, 
specifications, and procedures for pile driving 
control during construction. An example will 
make the point. Assume a project where dead load 
equals live load, NSF is equal to dead plus live 
load, a= 0.2, and¢ = 0.7; a required value of 
Rut can then be calcu\ated from Equation 7. The 
resulting value of Rut will be 2.96(D+L+NSF), 
indicating that the required load from a load 
test must be approximately 3 times the applied 
load. This is higher than the factor of 2 
normally encountered, and may not be understood 
by field personnel that are not versed in the 
details of the design. Also, if the factor of 
safety as defined herein is calculated, the 
result is 2. 46 calculated as (Rut-NSF) I (D+L+NSF) . 
Even the latter result will not be understood by 
field personnel unless properly communicated. 
Several other topics related to pile foundation 
practice enter .into the designer's actions 
concerning NSF, even if the designer may not be 
Third International Conference on Case Histories in Geotechnical Engineering 
Missouri University of Science and Technology 
http://ICCHGE1984-2013.mst.edu
aware of their importance. These topics are 
examined in the following discussion. 
PILE LOAD TESTS AND ANALYSES 
The foregoing equations treated pile ultimate 
loads from load tests as though there was 
universal agreement on how to perform the tests 
and analyze the results. This is not the case. 
Load tests are usually performed according to 
ASTM D1143, which specifies how to set up and 
perform compression load tests. However, the 
standard loading method is not always 
satisfactory because it can inhibit 
interpretation of the data due to creep and 
consolidation deflections attributable to the 
slow rate of loading and large load increments. 
The writer suggests that quick load tests are 
needed to arrive at suitable data; this is 
available in ASTM D1143 as an option, but it must 
be called out explicitly in the job 
specification. Also, the ASTM specification 
leaves analysis of the data to the engineer's 
professional judgement. 
Given quick load test data from a pile 
compression test, a method of analysis must be 
selected for purposes of determining Rut· The 
method selected herein is that developed by the 
writer (Davisson, 1972). 
Results of pile tension tests on short piles 
extending to the bottom of the subsiding layer 
are utilized in the foregoing equations. ASTM 
D3689 covers the set up and performance of 
tension tests, but otherwise has the same 
features as ASTM D1143 for compression tests. 
The quick load test option must be specified, and 
analysis of the data is specifically excluded 
from the standard. 
The analysis of tension pile load tests to 
failure (slippage relative to the soil) in 
cohesive soils often leads to interpretations 
that do not vary widely from one engineer to 
another. This occurs because a constant load 
with increasing deflection is often observed, 
signifying failure. Another procedure is to use 
the writer's method, or modify it by deleting the 
term related to the base width of the pile, but 
otherwise applying the offset method. On the 
other hand, tension tests lead to cracking in 
reinforced and prestressed pil.es; this presents 
special problems in analysis because of the 
difficulty of determining elastic pile 
deflections. Also, tests that are influenced by 
a granular stratum may result in load versus 
uplift diagrams for which failure is not obvious. 
The engineer will have to exercise judgement in 
analyses of such cases. 
The foregoing discussion applies to driven piles. 
Piles installed by drilling behave differently 
and must be analyzed taking those differences 
into account. The difference manifests itself 
primarily in compression. Driven piles compact 
the material below the pile tip thus increasing 
soil stiffness. As a consequence, the deflection 
needed to produce plastic behavior at the tip is 
markedly lower than for drilled piles. The 
stiffness of the soil at the tip of drilled piles 
may actually have been degraded by the 
installation process. 
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If the writer's offset method of analysis is 
applied to drilled piles, the term containing the 
width of the pile may need to be multiplied by a 
factor varying from 2 to 6. This is because 
research on drilled piers shows t!lat tip 
deflections of 2 to 5 percent (Reese and O'Neill, 
1988) of the base width are required to reach 
ultimate load compared to less than 1 percent for 
driven piles. 
OBSERVED DOWNDRAG BEHAVIOR 
Observations in the field on pile foundations 
that did not fail, plus observations of failures 
where negative skin friction was the prime cause, 
provide a basis for the following discussion. 
NSF can develop during construction resulting in 
more load on the pile than the designer thought 
would be present. This has been observed for 
pipe piles in sand where vibrations from driving 
of adjacent piles caused settlement of the sand 
leading to downdrag on the piles. Measurable 
downward movement of the pile tops resulted. 
After driving was complete no further soil 
settlement mechanism existed. Either the piles 
carried the subseq.uently added superstructure 
load within their ultimate load capacity, or a 
slight downward movement (perhaps 0.1 inch) of 
the pile tip relieved any excess load from 
downdrag. Another alternative mode of behavior 
is that downward pile movement caused by the 
superstructure load simply relieved the acting 
negative skin friction. It is easy to imagine 
many other situations where similar behavior 
occurred. 
Some of the pertinent features of the seven case 
histories about which the writer has personal 
knowledge have been summarized in Table 1. The 
outward manifestations of failure were excessive 
settlement of the structures in all cases. 
However, two of the cases also involved collapse 
of the structures (Cases #1, 2}. 
TABLE 1. Unpublished case Histories of Failure 
Case Time Type Fill Geot. 
History Period Pile Placed Engineer 
1 1950-60 Timber Yes No 
2 1960-70 Timber Yes No 
3 1970-80 Timber No Yes 
4 1980-90 Pipe Yes Yes 
5 1980-90 Pipe Yes Yes 
6 1980-90 Timber Yes Yes 
7 1980-90 PCPS Yes Yes 
Notes: 1} Large soil settlements in all cases. 
2) Structures all settled excessively. 
3) Structure collapsed in Cases #1,2. 
4) Pile failed structurally, Cases #1,2,6. 
5) PCPS = Precast Prestressed concrete. 
When settlement of the soil is a long term 
occurrence because of: 1) a fill, 2) dewatering, 
3) vibration, or 4} other long term mechanism, 
soil settlement can more than compensate for any 
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tendency of the pile to settle away from the 
dragdown load. Thus, in such instances, the 
downdrag load is continuously established. All 
seven of the case histories in Table 1 are of 
this type. Soil settlements occurred over a long 
period of time resulting in ground surface 
settlements of several inches to several feet. 
In three of the four case histories (#1,2,6, 
Table 1) involving timber piles it is certain 
that a number of the piles broke (failed 
structurally). The other cases in Table 1 
involving pipe ( #4, 5) and prestressed concrete 
(#7) did not experience structural failure, but 
settled excessively. In one of the cases ( #6, 
Table 1) involving timber piles the soil settled 
15 to 24 inches, and pulled some of the piles 
downwards free from the structure. 
Of the seven case histories in Table 1, five 
involved fills placed as part of the construction 
of the facility. These fills were the driving 
force in causing soil settlement. For one 
structure on timber piles that ultimately 
collapsed, an adjacent fill was placed perhaps 20 
to 30 years after the original construction, thus 
initiating soil settlement. The final case (#3, 
Table 1) involved long term dewatering which 
caused soil settlements over a wide area. The 
dewatering occurred soon after the structure was 
originally constructed. 
Although the writer has not provided case 
histories to support the following soil-
settlement-causing mechanisms, their logic is 
easy to grasp. If a soil deposit is naturally 
underconsolidated, NSF can be expected on piles 
driven into or through such a deposit. Likewise, 
soil fill does not have to be the load that 
initiates soil settlement; it could be an area 
adjacent to a pile supported structure used for 
storage of materials. It is the weight of the 
material that is important, not the constituents. 
In geographical areas where regional subsidence 
is occurring because of underconsolidation, 
pumping of water or oil, etc. special problems 
exist for pile foundations. Mexico City 
represents an area where such problems occur to 
an extreme, and because of the large amount of 
construction, several techniques for dealing with 
the problem have been employed. It is highly 
recommended that designs for areas undergoing 
regional subsidence have the benefit of studied 
local experience which may reveal important items 
in addition to downdrag that must be accommodated 
in design, such as apparent emergence of the 
buildings from the ground if the general area 
subsides within the depth of the piles, and 
problems with connection of utilities. 
Observations are given herein about the types of 
errors made by engineers in the seven case 
histories in Table 1. Categories of engineer 
error are offered below for contemplation. Some 
of the projects involved more than one of the 
categories. The two oldest case histories 
involved ignorance of the downdrag phenomenon. 
Other causes are: 
Failure to anticipate effect of future 
dewatering (1) 
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Failure to anticipate effect of adjacent 
ground loading (1) 
Improper analysis of downdrag (3) 
Failure to penetrate adequately into the 
bearing layer (2) 
The numbers in parentheses represent the total 
number of case histories to which the cause 
applies. 
The above list reflects poorly on the competence 
of the geotechnical profession considering that 
in five of the seven cases downdrag was 
specifically identified by the engineers as a 
problem during design. Nevertheless, this paper 
is offered for those who seek some guidance in 
dealing with the problem of downdrag on piles. 
PILE STRENGTH AND DRIVABILITY 
In current practice, pile structural sections are 
selected using allowable stress design. 
Typically the allowable stresses imply a factor 
of safety of 2.5 to 4 for concrete, calculated as 
the ratio of the concrete strength, f'c, to the 
allowable stress. Similarly, for steel the 
implied factor of safety is 3. However, for 
competitive reasons the steel industry has 
aggressively promoted an allowable stress of 50 
percent of yield (implied factor of safety of 2), 
and some building codes permit this with 
restrictions. 
Timber presents a much more complicated 
structural material, and is not easy to summarize 
succinctly. The timber industry has promoted 
allowable stresses for timber piles far beyond 
values the writer deems reasonable. The 
allowable stresses promoted by the timber 
industry for timber piles (1200 psi for yellow 
pine, fir and oak) may not include a formal 
factor of safety (NFPA, 1982). Most engineers 
are unaware of this. fact. Further, most 
engineers are unaware that timber piles under 
long term sustained load lose 40 percent of their 
short term strength in a period of 10 years. 
More realistic allowable design stresses are on 
the order of 600 to 800 psi; these stresses and 
load transfer analyses lead to maximum timber 
pile loads in the range of 20 to 30 tons, which 
is recognized in the industry as acceptable in 
the absence of both hard driving and obstructed 
ground conditions. A thorough review of timber 
pile strength is presented in a Federal Highway 
Administration report (Davisson, Manuel, and 
Armstrong, 1983); this report also covers the 
strength of steel and concrete piles. 
Pile load tests are commonly loaded to at least 
twice the service load, and the pile must be able 
to sustain such loads structurally. This has 
presented problems in testing H-piles for designs 
with an allowable stress of 50 percent of yield 
because of local buckling prior to attaining 
twice design load. Because it is desirable to 
test piles to beyond twice design load to reveal 
the ultimate soil/pile load, pile strength must 
be sufficient for this purpose. Concrete piles 
have seldom presented a problem in this regard, 
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ri vabili ty. This is a concept that can be 
hought of as total punching force under a 
ammer. It is a problem in structural dynamics 
nvolving soil resistances and other 
haracteristics, and is best treated with 
roperly performed wave equation analyses of pile 
riving (Davisson, 1972,1975). A thorough 
iscussion is not possible here. The object of 
uch a study is to arrive at a combination of 
ile hammer, hammer cushion, pile cushion, and 
ile, as a system that can drive through the 
·verburden soils and cause pile penetration into 
he bearing layer with enough force to develop 
he required pile load capacity in the bearing 
ayer (See layer 2 in Figure 2a). It is possible 
hat pile penetration aids such as predrilling 
·ill also need to be employed. In general, the 
tore concrete, steel, or timber in the pile 
:ross-section, the greater is the axial stiffness 
,f the pile, and also the total punching force. 
lowever, the entire driving system is involved, 
.nd the hammer and cushion components should also 
>e optimized using wave equation analysis. 
'wo of the case histories in Table 1 (#4, 5) 
.nvolve thin-wall pipe piles which have a 
·elatively small cross-sectional area of steel. 
~he axial stiffnesses were too low to allow 
>enetration into the bearing layer with 
:ufficient force to develop the required load 
:apacities. Another case history (#7, Table 1) 
.nvolved prestressed piles wherein drivabili ty 
ras adequate. However, where piles were furnished 
.anger than required, they were overdriven to 
tvoid pile cut-offs, and performed 
:atisfactorily. Unfortunately, some piles were 
:horter than actually required and were 
mderdriven; they failed because of NSF. This 
.atter case history demonstrates the need to 
levelop pile load capacity in the designated 
>earing layer. 
~he foregoing case histories reveal several 
:actors that must be considered in producing a 
>ile foundation that is successful after it is 
:onstructed. Discussion and guidance on several 
>f these factors is given in the paragraphs that 
:allow. 
>ILE SHAPE AND DOWNDRAG 
~ load transfer analysis for the conditions on 
.<igure 2a would show that load in the pile 
lncreases from the superimposed load at the top 
)f the pile to a higher value that includes the 
1egative skin friction at (or near ) the bottom 
)f the subsiding layer. Then, the load in the 
)ile diminishes with respect to increasing depth 
l.S it is transferred to the bearing layer. 
)bviously, a pile of relatively small perimeter 
vill attract less NSF than a larger perimeter. 
~lso, the pile must be strongest where the load 
Ls greatest (near the bottom of layer 1, Figure 
~a). With these thoughts in mind, it can be said 
:hat tapered piles such as timber or step-tapered 
?iles are the wrong shape for dealing with major 
iowndrag loading. (They would serve better if 
turned upside down.) 
l"our of the case histories cited in Table 1 
involved timber piles; two of the supported 
structures collapsed to the ground. Timber piles 
~nd downdrag are a deadly mixture because of pile 
shape and timber weakness exacerbated by the 40 
percent loss of strength of timber under 10-year 
constant loading. One of the structures that 
collapsed did so 9. 5 years after construction. 
Timber piles may be used in situations involving 
minor negative skin friction, but major caution 
on the part of the engineer is advised. 
GROUPS OF PILES AND DOWNDRAG 
Placement of a fill prior to pile driving, or 
just afterwards, is probably the most common 
cause of downdrag. A method of calculating the 
downdrag load, accounting for group effects, is 
given in Terzaghi and Peck (1948} and may 
represent a reduction in the possible magnitude 
of the load when compared to the single pile 
analysis. The load is limited to the weight of 
the included fill plus the drag on the perimeter 
of the pile group. If the load so calculated is 
less than that determined by the tension pile 
load test, or calculation thereof, the lower 
value may be used. 
BATTER PILES 
Batter piles in subsiding soil layers are 
subjected to bending loads that can easily 
destroy the effectiveness of the piles. 
Treatment of this problem typically consists of: 
1) eliminating batter piles, 2) decreasing pile 
batter angle until the downdrag is noncritical in 
bending, or 3) finding an alternative way to 
provide lateral stiffness to the supported 
structure. If the engineer chooses to use batter 
piles, they must be designed for the interaction 
of axial and bending loads, including stability 
considerations. 
OTHER ANALYTICAL METHODS 
Two additions to the analytical methods explored 
previously are often used. The first 1.s to 
reason that transient live loads do not add load 
to the piles. This is arrived at by reasoning 
that a transient load (not to be confused with 
the long-term portion of live load which acts 
similar to dead load) causes a temporary downward 
movement of the pile relative to the soil, 
thereby relieving negative skin friction and 
replacing it with positive skin friction which 
supports the transient load. Obviously, this can 
only work within limits. If a reduction in the 
design pile load is made on account of such an 
analysis, then some economy will eventually be 
realized in the cost of piling. 
Another analytical technique utilizes a knowledge 
of soil compressibility to determine to what 
depth the pile is moving downward equally with 
the soil. Above this point the soil causes 
downdrag (negative friction), and below this 
point the soil is functioning to support the pile 
(positive friction) . If this point is 
significantly above the bottom of layer 1 in 
Figure 2a, then a lower NSF load will be 
calculated, and will eventually result in some 
economy in the cost of piling. However for 
subsiding soil layers where the settlement; will 
be. large. (s~veral inches to feet), the depth at 
wh1.ch fr1.ct1.on changes from negative to positive 
will be. near or at the bottom of the subsiding 
layer; 1.t may be so close to the bottom that it 
falls within the engineers ability to define the 
depth of the various layers in a soil profile. 
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A complete method of analysis considering the 
foregoing is given by Fellenius (1988) . computer 
software for the analysis has also been developed 
(Goudreault and Fellenius, 1990). This method of 
analysis concentrates on soil stiffness and 
settlements, with bearing capacity considered as 
a final check. Engineers using the method should 
have a thorough understanding of both its 
underlying theory, and also the items covered 
herein. 
MITIGATION OF DOWNDRAG 
The foregoing discussion describes downdrag 
problems, means for assessing the magnitude of 
downdrag loads, and methods for designing to 
resist the added loads with additional pile 
strength and bearing capacity. Two other 
techniques are also available. The first is 
avoidance of the problem by not using sites where 
downdrag will occur, treatment of the subsiding 
soil, or removal of the subsiding soil; this 
needs no further discussion. The second is a 
physical means for reducing the magnitude of 
downdrag. 
Predrilling through obstructing fills (including 
engineered fills) is often done for the purpose 
of allowing the piles to seek support in 
underlying bearing layers. This usually will be 
accompanied by a decrease in downdrag, even if 
the predrilling was performed for a different 
purpose. Other techniques involve a sleeve liner 
to allow the soil to settle without causing 
downdrag. 
Bitumen coating of piles is the te~hnique 
receiving by far the most attention 1n the 
literature; piles are coated with a bitumen layer 
possessing rheological properties within ranges 
specified by the engineer. The piles are driven 
with the assumption that the bitumen layer 
remains intact in the subsiding layer. 
Subsequently, as the downdrag occurs, the drag 
load is limited to the low values of shear in the 
bitumen layer. Where the bitumen remains intact, 
this technique has been very successful in 
reducing the downdrag load. It is also apparent 
that the economics of downdrag reduction are 
affected by the cost of dealing with the bitumen. 
A research program is nearing completion at Texas 
A & M University on use of bitumen coatings 
(Briaud, 1993), and reports should soon be 
available (1994) from the sponsoring Federal 
agency (National Cooperative Highway Research 
Program, Washington, D. C.). 
Engineers are currently seeking coatings that 
have more desirable properties than bitumen. 
Problems to be overcome are: 1) extending the 
temperature range in which the material may be 
applied and cured, 2) handling and damage to the 
coating, 3) loss of the coating during 
installation in unfriendly soil conditions, 4) 
assurances of permanence, and 5) cost. 
It is the writer's opinion that where a coating 
is to be used for downdrag reduction, the 
engineer should consider proceeding as follows: 






Design the pile foundation with the 
coating. 
Obtain pricing for both designs in the 
bid. 
Be prepared to shift from the coated 
pile to the uncoated pile if schedule 
and/or weather or other reasons 
develop. 
The reason for the foregoing is that economy is 
often claimed for bitumen coated piles based on 
engineer estimates alone. In the real world, 
contractors (general and pile subcontractor) are 
the experts on project economics, and their voice 
should be heard for the client's benefit. Steps 
#1 through #3 above provide the construction 
manager and/or owner with maximum information. 
It is possible that the coated pile appears 
lowest in cost if piling activities take place in 
favorable weather. However, other matters may 
dictate a schedule change to unfavorable weather 
for coated piling activities, and the schedule 
change may be of economic benefit to the project 
despite the cost increment between coated and 
uncoated piles. 
SUMMARY 
Failures of pile foundations caused by negative 
skin friction continue to occur. During the past 
70 years the causes of failure have progressed 
from lack of knowledge of the downdrag concept by 
the responsible engineers to inability of trained 
geotechnical engineers to achieve a stable design 
even though they recognized the probl·em. 
Observations from seven unpublished case 
histories of downdrag failure illustrate the 
points made herein. A review of the various 
geotechnical and structural factors entering into 
the design of a pile foundation for downdrag 
conditions has been presented. The discussion 
was predicated on practice in the USA where most 
pile foundations are installed to be essentially 
non-settling after the !oads are in place. In 
geographical locations where regional subsidence 
is active, other problems may also arise and need 
specific local study and treatment. 
A method of determining downdrag loads has been 
presented and alternatives considered. Downdrag 
can be a very serious load relative to normal 
superstructure loading, and is cause for concern 
about the structural strength of piles. Timber 
piles have been observed to break under downdrag 
conditions. The discussion focused on the 
interaction of structural and geotechnical 
principles, and also the interaction of engineers 
specializing in the two disciplines. Guidance is 
presented on the structural problems. 
Factors of safety used by structural and 
geotechnical engineers have been compared. It 
was found that normal pile design practice 
utilizes a lower factor of safety than does the 
design practice for the superstructure it 
supports, which is illogical considering the 
relative unknowns in each discipline. Lowering 
geotechnical factors of safety is not recommended 
as a means for dealing with downdrag. LRFD 
techniques were introduced as a thinking tool for 
engineers, and allowed some assessment of factors 
of safety. 
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ile compression and tension load tests and 
roblems were reviewed. Specific recommendations 
ere made for quick load tests accompanied by a 
ompatible method of analysis. Pile drivability 
oncepts were introduced and the wave equation 
nalysis of pile driving was recommended as a 
seful tool that could help the engineer assure 
hat sufficient pile load capacity was developed 
n the proper soil layers. Field control of pile 
nstallation must also concentrate on achieving 
dequate pile bearing capacity in the designated 
'earing layer. Problems associated with pile 
hape, pile batter, and groups of piles were also 
.iscussed. 
:ethods of mitigating downdrag were discussed, 
:onsisting primarily of predrilling, casing, or 
'i tumen coating. Specific advice is given to 
,esigners considering bitumen coating about 
:oordinating pile design with project management 
teeds. 
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